A detailed analysis of the theoretical x-ray absorption near-edge structures (XANES) for the boron and nitrogen K edge in hexagonal boron nitride (h-BN) employing density-functional theory calculations is presented. The supercell core-hole method and the Bethe-Salpeter equation are used for the description of electron-hole interactions. The calculations are carried out with two different codes, the VASP and the WIEN2K codes, employing the projector augmented-wave and the full-potential linear augmented-plane-wave methods, respectively. We find close agreement between spectra obtained from the two codes and between calculations using the supercell core-hole method and the Bethe-Salpeter approach. All our calculations, as well as previous calculations using the ground-state structure, yield a single 2p σ * peak in the boron K-edge spectrum and hence fail to describe the experimental double-peak structure. We find that the inclusion of electron-phonon interactions is crucial to obtain the experimentally observed double-peak structure. We include these effects fully parameter free and ab initio using a one-shot sampling method and obtain excellent agreement with experiment.
I. INTRODUCTION
Hexagonal boron nitride (h-BN) has a similar structure as graphite with alternating atoms in the hexagonal plane and with a stacking sequence such that boron and nitrogen atoms are on top of each other out of plane. It is considered in a growing number of applications due to its high thermal stability and similarity to graphite, for instance, in deep ultraviolet light emitters [1] and as a supporting substrate for graphene [2] . A thorough knowledge of its electronic, chemical, and structural properties is crucial to be able to optimally exploit the unique properties of h-BN. One very powerful experimental method for characterization of h-BN is x-ray absorption near-edge spectroscopy (XANES). This method excites boron and nitrogen 1s electrons mainly into the corresponding unoccupied p states. In order to understand and interpret the experimental spectra, theoretical investigations are indispensable and provide a deeper understanding of the detailed excitation process.
Several experimental XANES spectra of h-BN were published [3] [4] [5] [6] [7] [8] [9] [10] , but also high-resolution electron energy-loss (EELS) spectra have been reported [11] and agree very well with the corresponding XANES spectra. Due to the strong localization of core states, large electron-hole interactions are present in the K-edge spectrum of both boron [8] and nitrogen [12] [13] [14] [15] . For boron, the main transitions of the K edges were shown to originate from the excitation of the boron 1s core state into antibonding 2p π * states forming a sharp exciton with a very long lifetime [8] and subsequently into 2p σ * states, which form broader features. The first peak is well reproduced in all theoretical calculations, but all previous theoretical studies failed to reproduce the shape of the second peak. For nitrogen, the main transitions of the K edge are also due to excitation of the nitrogen 1s core state into antibonding 2p π * and subsequent 2p σ * states. However, compared to boron, the peaks are much broader, and the 2p π * peak shows a slowly decaying right shoulder. All previous calculations failed to describe this shoulder and underestimate the energy separation between 2p π * and 2p σ * states.
Obviously in the case of strong electron-hole interactions, one cannot use the ground-state electronic structure as obtained from a density-functional theory (DFT) calculation, but one must explicitly incorporate electron-hole interactions in the calculation of the theoretical spectra. One option is to represent the solid with a supercell using periodic boundary conditions (or a sizable finite cluster [16] ) and create a core hole by removing a core electron and placing it into the conduction bands [17] [18] [19] . In this way, the screening of the electron and hole are automatically incorporated in the calculations. We will refer to this method as the supercell core-hole (SCH) method throughout this work. The transition matrix elements between core and conduction band states are usually calculated in the dipole approximation and hence can be used for all spectroscopic methods that are probing electric dipole transitions of core electrons (see Ref. [20] for the calculation of energy-loss near-edge spectra using the SCH method). Another method to describe excitonic effects is the inclusion of electron-hole effects by solving the Bethe-Salpeter equation [21] [22] [23] [24] (BSE) on top of the ground-state electronic structure calculations [25, 26] . Unfortunately, this method is very time consuming, but due to the steadily growing compute power, BSE calculations are becoming routine fairly rapidly. This is in particular true for the description of optical spectroscopy in the UV and visible light range [27, 28] , with several BSE calculations appearing recently for bulk and single layers of h-BN [29, 30] . Furthermore, few publications on different materials employing the BSE for the calculation of x-ray absorption spectra have been published [26, [31] [32] [33] [34] [35] [36] . Already in 1998 and 1999, boron K edges and resonant inelastic x-ray scattering (RIXS) calculations using the BSE were reported [37] [38] [39] [40] , although these early calculations might not have been fully converged with respect to the computational parameters.
In literature, there are numerous calculations for h-BN employing the SCH method [11, 13, [41] [42] [43] . At first glance, they all obtain similar results and agreement with experiment is generally reasonable but not perfect. The first peak of the experimental boron K-edge spectrum is well reproduced in all calculations. However, all previous theoretical studies fail to reproduce the second, the 2p σ * peak: experiments show a double peak at 199 eV, whereas theory predicts a single peak. In the majority of the previously published studies, the discussion of this discrepancy is omitted. Only few publications speculate about the origin of the double peak. For instance, Ref. [44] suggests that vacancies or defects in the crystal could cause a splitting of the 2p σ * peak. We think that this is not a convincing explanation since very high vacancy concentrations would be required to yield a double peak with equal height for each of its subpeaks. Furthermore, the double-peak structure is also retained in experiments using only very few layers [10] , where the defect concentration is usually small. We rather think that lattice displacements due to electron-phonon couplings are the main reason for the formation of the double peak. In a recent publication [45] it was demonstrated on the example of several light-element compounds that thermal vibrations can have noticeable effects on XANES and NMR spectra. Furthermore, in a recent synchrotron measurement [8] it was shown that a very small splitting of approximately 0.1 eV is observed for the first peak of the boron K-edge spectrum. The authors claim that the splitting is most probably driven by exciton-phonon interactions. Motivated by this result we decided to incorporate the effects of vibrational displacements in our calculations and study their effect on the core-hole spectra.
In this work, we reexamine the K-edge spectra in h-BN in great detail. We employ the SCH and BSE approach and carefully investigate the differences between both methods. To the best of our knowledge, no publication exists employing the full Bethe-Salpeter equation to both, XANES boron and nitrogen K edges in h-BN. However, the crucial improvement of our work over previous studies is the inclusion of EPC in the SCH calculations via statistical sampling methods.
The structure of this paper is as follows. First, an outline of the theory is given in Secs. II, III, and IV. This is followed by a description of the computational methods and parameters in Sec. V. In Sec. VI, the boron and nitrogen K-edge spectra are investigated using different methods and codes. The examinations are first performed at the ground-state structure. The inclusion of vibrational displacements on the spectra is examined in Sec. VII. In this section, we also carefully examine the origin of the double-peak structure of the boron 2p σ * peak. We finally conclude the paper in Sec. VIII.
II. DIELECTRIC FUNCTION FOR CORE ELECTRONS
Since the wavelength of the electromagnetic waves in absorption spectroscopy is usually much larger than the characteristic momentum in solids, we start from the transversal expression for the imaginary part of the dielectric function in the long-wavelength limit (q = 0) which is directly proportional to the absorption spectrum (2) 
where M and ε denote momentum matrix elements and orbital energies. Here, we consider excitations only between valence (v) and conduction (c) bands. The components of the dielectric tensor are indexed by the Cartesian indices α and β. , e, and m e denote the unit-cell volume, electron charge, and mass of the electron, respectively. In the projector augmented-wave (PAW) [46] method the all-electron orbitals |ψ nk are given by a linear transformation of the pseudo-orbitals |ψ nk :
The pseudo-orbitals depend on the band index n and crystal momentum k. |φ i , |φ i , and |p i are all-electron partial waves, pseudopartial waves, and the projectors, respectively. The index i is a shorthand for the atomic site and other indices enumerating these quantities at each site (such as angular and magnetic quantum numbers). In the PAW formalism, the matrix elements are given by
where the one-center terms are calculated within the PAW sphere for each atom.
Since in x-ray absorption spectroscopy, one only considers one core hole at a single site, we can from now on restrict the equations to a single site. The index i then only enumerates the main quantum number, the angular and the magnetic quantum numbers. As usual in the PAW method, using the completeness relation, i |p i φ i | = 1, the first and third terms in Eq. (3) cancel each other leading to the following simplified matrix elements:
Also, the summation over bands in Eq. (1) can be limited to the conduction bands c:
The equations used in the full-potential augmented-planewave method are very similar to the ones used in the PAW method and are hence not presented here (details for the calculations of the dielectric function within the full-potential augmented-plane-wave method can be found in Ref. [47] ).
III. DIELECTRIC FUNCTION WITHIN THE BSE
The diagonal part of the dielectric function using the Bethe-Salpeter equation [21] [22] [23] [24] is given by
This equation is similar to Eq. (5) [48, 49] . Details of the method for valence electrons can be found in Ref. [25] . Commonly, for K edges only a single core state (1s) is included as occupied state in the core-valence BSE since inclusion of other core electrons or occupied valence states usually does not change the spectrum [26] .
IV. ELECTRON-PHONON COUPLINGS
The inclusion of parameter-free electron-phonon coupling (EPC) in ab initio calculations is mainly achieved via two approaches. The first one relies on perturbation theory to incorporate the coupling. In second order and neglecting the energy of the emitted or absorbed phonon, this leads to the often used Allen-Heine-Cardona approach [50] [51] [52] . Generally, it is not trivial to extend this method to the influence of lattice vibrations on say a spectroscopic quantity. For instance, one can not easily calculate the changes in the core to valence transition matrix elements M core→ck . A detailed and comprehensive review of state-of-the art methods for EPC is given in Ref. [53] .
The second approach is based on statistical averages over the vibrational eigenmodes of the system. These can be obtained in numerous ways, for example, by Monte Carlo integration [54, 55] , molecular dynamics [56, 57] , or path-integral molecular dynamics [58, 59] . Motivated by the fact that for increasing supercell sizes, the number of required structures in the Monte Carlo method is decreasing, Giustino and coworkers [60] proposed a method where for a given temperature only a single structure is required. The displacements from the equilibrium structure are given by
where e κ,ν denotes the unit vector of eigenmode ν on atom κ. The summation over the eigenmodes runs in an ascending order with respect to the values of the eigenfrequencies, and the magnitude of each displacement is given by
Here,
denotes the BoseEinstein occupation number. For all eigenmodes the displacements according to Eq. (7) are linearly combined and added to the equilibrium positions. The resulting single structure is then directly used in the electronic structure calculations. This means that although the phonons are calculated in the harmonic approximation, the electronic effects are calculated up to all orders available in the applied electronic structure method. This is an advantage compared to a perturbative method, where the accuracy is restricted to the order of the perturbation theory, which is usually of second order. Furthermore, the method can be easily applied to any observable, and no additional coding is required.
V. COMPUTATIONAL METHODS
The SCH method was used in our calculations. In this method, a core hole is artificially introduced on one of the atoms [61, 62] and this electron is added to the valence electrons during self-consistency. The size of the supercell was tested for convergence, and we found that a cell size of 4 × 4 × 2 is sufficient to obtain converged results. We employ the experimental lattice parameters of a = 2.504Å and c = 6.661Å in all calculations since, for many DFT functionals, the optimization of c, which depends on weak interactions, is problematic. If not stated otherwise, all SCH calculations were carried out using the VASP [63] [64] [65] code using the PAW method. A plane-wave cutoff of 320 eV and a k-point sampling of 5 × 5 × 3 was employed in all calculations. For the description of electron exchange and correlation, the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) was used [66] .
To verify our results, the all-electron code WIEN2K [67] , which is based on the augmented-plane-wave + local-orbitals (APW+lo) basis set, was used. In this method, the unit cell is decomposed into an interstitial region described by a planewave expansion and atomic spheres (with radii of 1.29 and 1.43 bohr for boron and nitrogen, respectively) described by radial wave functions multiplied by spherical harmonics. A basis-set cutoff of RK max = 7 was used in all calculations, where R denotes the atomic radius of the smallest atomic sphere and K max is the magnitude of the largest reciprocal lattice vector. The SCH calculations were carried out in analogy to the VASP calculations. Additionally to the SCH method, the WIEN2K code was also used to perform BSE calculations [26] . In the BSE method, the calculations are performed for the primitive cell, where the wave functions and eigenenergies 235205-3 The boron K-edge absorption spectra. The continuous and dotted lines represent calculations employing full-and halfcore holes, respectively. The experimental spectrum was taken from Ref. [8] . The spectrum labeled as "literature PAW-SCH" was extracted from Ref. [43] , where the CASTEP code was used.
obtained from the DFT calculations are used as starting point for the BSE calculations. The convergence of the results with respect to the number of considered conduction bands and the k mesh was tested in all calculations, and k meshes of 14 × 14 × 4 were used. The cutoffs for the maximal reciprocal lattice vector G max in the calculations of the dielectric matrix, the direct term of the BSE Hamiltonian, and the exchange term were tested carefully for convergence and G max of 6, 4, and 6 bohr −1 were used for these three terms, respectively. All calculated absorption spectra for the boron K edge were scaled to reproduce the height of the first peak and broadened such that the first main peak gives the same width at half-maximum. The nitrogen K-edge spectrum was processed analogously but with the second main peak as reference. All theoretical spectra were broadened with a Lorentzian function employing a linearly energy-dependent broadening parameter σ (E) = σ 0 + (E − θ )k, where θ describes an offset for the energy dependence of the broadening function. Below this value, the broadening parameter σ 0 is constant. Parameter sets of σ 0 = 0.3 and 0.5 eV, θ = 192 and 394 eV, and k = 0.04 and 0.3 were employed for boron and nitrogen, respectively. For nitrogen, the experimental broadening is larger than for boron because of the higher binding energies.
VI. SPECTRA FOR GROUND-STATE STRUCTURES
In this section, we evaluate the calculated XANES spectra for the equilibrium ground-state structure without considering vibrational displacements.
A. Boron K edge Figure 1 shows the calculated absorption spectra of the boron K edge in various approximations and compares them with experiment. The theoretical spectra are aligned such that the first peak (2p π * , in the following simply π * ) matches the experimental position. The experimental spectrum shows four features: a strong resonance at 192 eV, a double peak at 199 eV, and two weak structures at 194 and 204 eV, respectively. In the following, we will discuss these peaks in detail. Obviously, both, SCH and BSE calculations find a very narrow first peak in agreement with experiment. It originates from a single exciton in BSE, while in the SCH calculations it stems from a very narrow (almost dispersionless) band at the onset of the conduction bands, which we do not show here explicitly. This peak is entirely described by excitations into states perpendicular to the hexagonal BN layers and the corresponding electron density is plotted in Fig. 2(a) . The distinct p z character (orthogonal to the hexagonal plane) of this state is clearly visible, and the electron density of this resonance is localized on the atom containing the core hole.
From the excitonic contributions, shown in Fig. 3(a) , it can be also seen that only contributions in z direction are involved in the first peak. The strong localization, in fact, leads to a single excitonic contribution with a binding energy of 4.44 eV [see Figs. 3(a) and 3(c) ]. This energy is clearly higher than the previously reported energies of 1.7-1.9 eV from Refs. [68, 69] . The definition of the binding energy (see caption of Fig. 3 ) might differ from literature, where the independent particle results are compared with BSE.
The small peak at 194.1 eV in the experimental spectrum of Ref. [8] seems to correspond to the onset of many electronhole pairs in the BSE calculations. In the calculations, these excitations have only very little oscillator strength and are, therefore, hardly visible in the final BSE spectrum. It is conceivable that finite-temperature effects increase the oscillator strength since displacements will lower the symmetry and make previously quiet transitions optically active.
The experimental 2p σ * resonance (from now only simply σ * ) is measured as a broad double peak centered at approximately 199 eV in Ref. [8] . As noted before [43] , our SCH calculations give instead of the double peak only a single peak. Also, the separation between this peak and the first peak is slightly smaller than in experiment. The BSE calculations show no improvement compared to the SCH calculation and give practically the same result. From Fig. 3(b) we can see that several excitons with mainly p x and p y character contribute to the spectrum with different oscillator strength. Their binding energies are much smaller than for the main π * resonance, and vary from 0-1.5 eV [ Fig. 3(c) ]. In the SCH calculations, the states responsible for this spectral feature are not so well separated from other states, but we can still plot their electron densities as shown in Fig. 2(b) . The density originates from p x/y states on the boron atom. The states are not as well localized as the corresponding p z counterpart and there is a significant antibonding interaction with the neighboring nitrogen atoms. This is evidenced by the node between the atoms and the asphericity towards the center of the hexagons. This peak in the spectrum can thus indeed be classified as originating from σ * states. Last but not least, there is a small peak slightly above 204 eV in the experimental spectrum. This is nicely reproduced in BSE but mispositioned by about 1 eV in the SCH calculations. This is essentially the only feature where BSE yields an improvement over DFT SCH calculations.
B. Nitrogen K edge
The calculated absorption spectra together with the experimental spectrum for the nitrogen K edge are shown in Fig. 4 . The theoretical spectra are shifted such that the second peak is aligned both in position and intensity to the experimental data. Altogether, the experimental spectrum is well reproduced by all methods with a few features that we will discuss in the following.
Starting with the third peak, we observe that BSE gives a slight improvement over SCH calculations. The latter are shifted to smaller energies by approximately 0.5 eV compared to the experimental peak maximum (at 415.5 eV). The nitrogen K-edge absorption spectra. The continuous and dotted lines represent calculations employing full-and half-core holes, respectively. The experimental spectrum was taken from Ref. [12] . The spectrum labeled as "literature PAW-SCH" was extracted from Ref. [43] and the CASTEP code was used to obtain it. 0.5 eV in the hexagonal BN plane (xy plane) and very small contributions in the z direction.
For the second peak, all calculational methods yield a broad peak with main contributions in the xy plane. A small bump on the left shoulder of the experimental spectrum at 405.5 eV is clearly visible. The SCH calculations do not show this peak. The BSE gives an excitonic state at that position, as can be seen from Fig. 5 . However, the overall intensity in the spectrum is too small compared to the experiment. seen that the largest contributions to the electron density are on the central atom with the core hole. Nevertheless, the states are quite delocalized in space since there are significant contributions on the next-neighbor nitrogen atoms in the xy plane. This also explains the strong broadening of the second peak.
We now turn to the first peak in the spectrum. Figure 7 shows the DOS for (a) a nitrogen atom with a core hole, (b) one of its next-neighbor boron atoms, and (c) a nitrogen atom without a core hole. All three atoms show peaks with p z character at the onset of the conduction bands, but the intensity of the peak is largest on the nearest-neighbor boron atoms and not the central nitrogen atom with the hole. This exciton is thus fairly delocalized. The overall p z -like character of the first peak can be also clearly seen from the electron density plots in Fig. 6(a) .
Concerning the energetic position of this peak, we observe fairly large discrepancies compared to experiment. Compared to the central peak (at 408 eV), the first peak is generally at too high binding energies in all SCH calculations (about 402 eV instead of 401 eV). Using the BSE, the position of this peak is only slightly improved. A strong k-mesh dependency is ruled out as reason for the deviation of the BSE results compared to experiment since we have very carefully investigated the convergence of the spectra with respect to the k mesh. The kmesh convergence for the nitrogen K edge is even faster than for the boron K edge, and the k mesh of 14 × 14 × 4 yields fully converged results. We have also tested the local density approximation [70] within the SCH method and the results are very similar to PBE. Therefore, the reason for the difference between the experiment and theory remains unclear, but is probably related to the quite delocalized nature of the exciton and errors in the single-particle energy of nitrogen and boron p states. A sizable change of the spectrum is only observed, if in the SCH spectrum only half an electron is moved from the core to the valence (see dotted lines in Fig. 4 ). This approach is sometimes used in literature and is inspired by Slater's transition state method. This result might indicate that the final-state (sudden) approximation, which assumes that all electrons act instantaneously to the excitation of the core electron, is not valid for the nitrogen K edge. From a quantitative point of view, however, this method also does not yield satisfactory results.
VII. SPECTRA INCLUDING ZERO-POINT VIBRATIONS
The spectra including zero-point vibrations and finitetemperature structures are calculated along the following lines. First, the vibrational modes of the ground-state structure are determined. Then, a single representative structure at a specific temperature (in our case at T = 0, since we include only zero-point vibrations) is obtained according to Eq. (7). Finally, SCH calculations are carried out for each ion of one specific type in the supercell, as the environment of each atom is different as a result of the deformations. The spectra are obtained as an average of the individual spectra obtained for all atoms of one species. For the 4 × 4 × 2 cell, we sum over 64 atoms in the unit cell for both boron and nitrogen.
Spectra for the boron K edge with and without considering zero-point vibrations are shown in Fig. 8 . It can be clearly seen that the structure of the double peak in the experimental spectrum is only reproduced by including zero-point vibrations. The origin of the splitting can be traced back to a symmetry reduction of the environment of the boron atom with the core hole, as shown in Fig. 9 . The charge density of the undistorted structure given in Fig. 9(a) is symmetric with respect to the next-neighbor nitrogen atoms in the hexagonal plane. This means that the p x and p y orbitals are energetically degenerate resulting in a single peak in the p DOS (shown in the lower part of Fig. 10 ). The small peak at approximately 9 eV (which is at the onset of the σ * peak) in the total DOS of the single-boron atom has almost purely s character and is not of any relevance for the spectrum since a transition of a boron 1s state into this state is optically forbidden. By including zero-point vibrations, the instantaneous positions of all atoms are moved out of the high-symmetry position. Inferential, each boron atom now has one nitrogen neighbor with a shorter boron-nitrogen bond as well as two neighbors with longer boron-nitrogen bonds. This leads to the formation of two distinct p x and p y hybrid orbitals, let us call them p and p norm , one being parallel to the short boron-nitrogen bond, and the other one being orthogonal to the short boronnitrogen bond. The one parallel to the short boron-nitrogen bond is pushed up in energy since it experiences strong Pauli repulsion from the occupied neighboring nitrogen p orbital, causing the upper shoulder (red area in Fig. 10 ), whereas the other one is found at lower binding energies (yellow area in Fig. 10 ). The remarkable observation is that the splitting prevails even when averaged over the local environment of many boron atoms. Figure 11 shows the boron K-edge spectrum at different temperatures. The spectra were scaled, such that the height of the first peak remains identical. The height difference between the first two peaks becomes minimally smaller and the double peak gets broader with increasing temperature. Besides, the spectra are very similar to each other, and hence we deduce that the zero-point motions are the main reason for the doublepeak structure of the σ * peak. Similarly as for boron, we have tested the effect of zeropoint vibrations for nitrogen, yielding the spectrum plotted in Fig. 12 . In contrast to boron, no significant further broadening or splitting due to symmetry breaking is visible for any peak and the results including zero-point vibrations are practically the same as for the ground-state calculations. Only the peaks are slightly broadened as a result of thermal vibrations.
VIII. CONCLUSION
In this paper, we have conducted state-of-the-art calculations to determined the XANES spectra of the boron and nitrogen K edge in h-BN. Specifically, we have employed the supercell core-hole (SCH) and the BSE approaches. To compare with previous studies, we have first performed the calculations at the equilibrium ionic structures. Overall, we find excellent agreement between PAW and APW+lo calculations for SCH calculations. However, both as well as all previous studies show important discrepancies to experiment prompting us to apply the BSE approach, which accounts for important many-body effects that are absent in the present density functionals [32] [33] [34] . Unfortunately for h-BN, the BSE shows no noteworthy improvements over the SCH approach. Only small details of the spectra, such as the high-energy peak at 204 eV for boron, are slightly improved. This means that some experimental features remain unexplained employing the ionic ground-state structure. As discussed below, these discrepancies can be partly remedied by including zero-point vibrations in the structure.
The important differences between experiment and theory are the position of the first and second peaks in the nitrogen spectrum, and the shape of the second peak in the boron spectrum. Specifically, the energy difference between the first (π * ) and second (σ * ) peaks in the nitrogen spectrum is too small compared to experiment, and the shape of the first peak of the nitrogen K edge is not well reproduced. In this case, inclusion of zero-point vibrations does not change the spectrum significantly. We found that the only way to improve the spectrum is to perform the calculations using half a core hole. Such calculations are sometimes used in literature, but we feel that this is a rather pedestrian and ad hoc solution. Nevertheless, these calculations indicate that something is possibly amiss in the description of the screening of the core hole by the π * orbitals. This could imply that the sudden approximation is not accurate enough, which might well be as the excitonic π * state is found to be quite delocalized in our calculations. Alternatively, DFT, which is used in the SCH and as a starting point for the BSE calculations, might not be sufficiently accurate.
The second important difference between theory and experiment is the shape of the second peak (σ * ) in the boron spectrum. While the experiments yield a double peak with almost equal height for both subpeaks, our and all previous calculations employing the equilibrium ionic structure yield a single peak. By including zero-point vibrations in the SCH calculations, the double peak observed experimentally is very well reproduced. Obviously, the shortcoming of the undistorted ground-state calculations is that all boron atoms are in a fully symmetric position. When zero-point vibrations are included, the atoms are shifted out of their high-symmetry position. For the majority of the boron atoms, this results in an environment where one bond out of three boron-nitrogen bonds is shorter than the other two. The corresponding antibonding boron 2p σ * orbital shifts upwards, whereas the other 2p σ * orbital shifts downwards to lower binding energies, resulting in two distinct 2p σ * peaks. To the best of our knowledge, such an important qualitative effect on theoretical XANES spectra is yet unprecedented, and clearly highlights that vibrational effects can be exceedingly important for the interpretation of XANES spectra. The presented methodology to include vibrational effects is fairly easy to use. Essentially, it requires a calculation of all phonon modes in a supercell, and creation of one representative structure corresponding to the selected temperature. Only the actual SCH calculations are more involved and expensive than for the ionic ground state since one needs to average over core-hole calculations for every boron (or nitrogen) atom in the supercell since after displacement the local environment of all boron and nitrogen atoms is different. Therefore, one SCH calculation needs to be performed for every atom in the supercell. In practice, such calculations are, however, quite straightforward and efficient. This paves the way towards routine calculations of XANES spectra including zero-point vibrations or even finite-temperature effects. Finally, we would like to add that the above methodology is not limited to core-electron spectroscopy and in principle it can be included in the calculation of any other observable. Examples for other observables can be found in the original work by Giustino, where they calculated the optical absorption spectrum in the visible and UV region. 
